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T he lamina cribrosa (LC), within the optic nerve head (ONH), is composed of a dense and complex meshwork of collagenous fibers. Retinal ganglion cell axons pass through its fenestrations as they exit the eye and form the optic nerve. The LC is considered a primary location for glaucomatous damage, as it is theorized that deformations in the beam and pore microstructure of the LC strangulate axons, which may lead to impaired axonal flow and subsequent damage to retinal ganglion cells. [1] [2] [3] [4] [5] The prelaminar tissue, which is composed primarily of retinal ganglion cell axons and their supportive glial cells, has been clinically observed to diminish either naturally with advancing age or with disease.
Optical coherence tomography (OCT) is a noninvasive, in vivo imaging technology capable of visualizing and quantifying the structures of the eye at micrometer scale resolution. [6] [7] [8] [9] Optical coherence tomography has been used extensively to image the ONH and LC. However, in a substantial percentage of eyes it is difficult to fully image the LC with conventional spectral-domain (SD)-OCT imaging, likely due to the signal attenuation that occurs when imaging deeper structures. Swept-source (SS)-OCT uses a longer light source wavelength (1050 nm compared to approximately 850 nm in conventional SD-OCT systems), yielding better tissue penetration. Its light source also has a faster axial scan rate (100,000 A-scans/sec) than conventional SD-OCT (25,000-75,000 A-scans/sec), and the use of a single light detector, compared to the linear array used in SD-OCT, reduces signal drop-off. 10 Swept-source OCT has an axial and transverse resolution of 5 and 15 lm, respectively, in tissue. Furthermore, the fast acquisition rate of SS-OCT allows for the use of advanced scanning patterns, which reduces motion artifacts. These advantages make SS-OCT more suitable for capturing images of the LC. [11] [12] [13] [14] [15] However, visualization of the LC with SS-OCT remains limited by inherent structural factors, such as media opacities and blood vessel shadowing. We propose that prelaminar tissue also may reduce visualization of the LC. Thick obstructive tissue scatters more light than thinner tissue, attenuating the SS-OCT signal and decreasing LC visualization.
We hypothesized that the LC is better visualized by SS-OCT imaging in regions with thin prelaminar tissue than in regions with thick prelaminar tissue. The purpose of this study was to evaluate the association between prelaminar tissue thickness and visualization of the LC using SS-OCT.
METHODS

Subjects
Subjects were sequentially recruited from the Pittsburgh Imaging Technology Trial (PITT) performed at the University of Pittsburgh Medical Center (UPMC) Eye Center. Informed consent was obtained from all subjects, and the institutional review board and ethics committee at the University of Pittsburgh approved this study. This study followed the tenets of the Declaration of Helsinki, and was conducted in compliance with the Health Insurance Portability and Accountability Act.
Subjects were divided into one of three diagnostic categories: healthy, glaucoma suspect, or glaucoma. This distinction was based upon clinical examination and visual field testing (Humphrey field analyzer; Carl Zeiss Meditec, Dublin CA, USA; Swedish interactive thresholding algorithm [SITA] standard, 24-2 test). Healthy subjects were defined as those with a normal clinical examination and visual field glaucoma hemifield tests within normal limits. Glaucomatous eyes were defined as those that showed characteristics of glaucoma during clinical examination (i.e., ONH abnormality: global rim thinning, rim notch, or disc hemorrhage; retinal nerve fiber layer [RNFL] defect) accompanied by typical visual field loss (reproducible glaucoma hemifield tests labeled as outside normal limits on at least two consecutive tests). Glaucoma suspect subjects were defined as those with normal visual field testing but abnormal clinical examination, as defined above. The study included male and female subjects of various ethnicities. Exclusion criteria for the study were nonglaucomatous ocular diseases, nonglaucomatous causes for visual field damage, and intraocular surgery other than noncomplicated cataract or glaucoma surgery.
SS-OCT Image Acquisition
The ONH of all subjects was scanned using a SS-OCT system that has been described previously. 16 A scan volume of 3.5 3 3.5 3 3.6 mm with 400 3 400 3 896 sampling points was used. The scan pattern was orthogonal (consisting of a pair of horizontal and vertical raster scans), and the 400 x-and y-fast scans were registered to create a 3-dimensional cube of data that eliminated motion artifacts. 17 Both eyes were included from each subject unless the scan from one eye was deemed of insufficient quality due to a lack of proper focus, poor signal, or failure of the motion eliminating registration.
OCT Image Analysis
All manual delineations were completed by an experienced observer that was masked to all clinical information. Analysis in 3-dimensions was achieved by marking every other B-scan or en face component of the 400 3 400 scan volume over the region of the ONH, then reconstructing the 2-dimensional information into a 3-dimensional cube of data. The prelaminar tissue thickness of each eye was considered the axial distance between the vitreous-ONH interface to the anterior laminar surface (Fig. 1) . The vitreous-ONH interface was delineated automatically using an in house developed segmentation algorithm. This automatic delineation was assessed and corrected manually whenever it failed to properly distinguish the interface. The prelaminar thickness then was measured in every other frame that contained the ONH (approximately 100 B-scans per eye) by delineating the anterior LC (ALC) boundary and measuring the distance between the ALC and vitreous-ONH interface. The orthogonal view of each B-scan was referenced during delineation in an effort to avoid including border tissue and to represent most accurately the start of the LC area. The Bruch's membrane opening (BMO) and regions of each en face scan in which the LC was visible and analyzable were delineated separately in 3-dimensions using ImageJ (National Institutes of Health [NIH], Bethesda, MD, USA). 18, 19 The LC was considered analyzable if the microstructure, composed of individual beams and pores, was visible and clearly distinguishable with sufficient contrast using the en face view of the scan. An experienced observer who regularly assessed LC microstructure quality made the designation of whether the LC microstructure was considered analyzable. The percentage of visible LC microstructure was computed by dividing the area of the maximum projection of the visible LC by the area contained within the BMO.
Regions of each scan in which the ALC boundary was clearly visible were marked in 3-dimensions on every other Bscan that contained the ONH (approximately 100 B-scans per eye) using ImageJ. In the prelaminar tissue calculations, for regions where the ALC was unclear or not visible, the boundary was calculated through interpolation with neighboring regions of visible ALC. The percentage of visible ALC was computed by dividing the area of the visible ALC by the area contained within the BMO.
Reproducibility
To evaluate the intraobserver reproducibility of the manual measurements of prelaminar tissue thickness, the manual measurement procedure was repeated a second time on a randomly selected subset of 19 eyes. The vitreous-ONH interface boundary and the ALC were delineated in a single B-scan from the 19 scans, which as before was used to calculate the average prelaminar thickness of that B-scan. The B-scans were taken randomly from anywhere within the region of the scans defined as the ONH. The imprecision of the measurements, which is the standard deviation of the random error of the measurements, was calculated by separating the measurement error into an estimation of the systematic error of the measurements (bias) and a combination of the true measurement and the random error (which is unknown and cannot be estimated). 20 
LC Quality Assessment
Visualization of the en face LC microstructure (defined as the quality of the scan) was graded subjectively using a scale of 1 to 5, with 1 indicating the worst quality and 5 indicating the best. The a priori grading criteria were based on pore presence, clarity, and contrast as visible on the en face view. Scans graded as a 1 featured little or no visible pores, scans graded as a 3 featured visible pores with unclear definition, and scans graded as a 5 had clear pore boundaries with high beam and pore contrast (Fig. 2) . The scoring was done by a single, highly experienced observer in random order without knowledge of subject identification, diagnosis, or any other clinical information. The grader rated the quality of the visible LC; therefore, the score does not reflect the overall scan quality, which was assessed for sufficient quality and a lack of motion artifacts before the scans were selected for the study, as defined in the Methods.
To assess the quality of each scan objectively, the signal intensity of each superpixel (composed of 18 3 18 adjacent pixels) was measured in one en face plane within the LC, per volume. The selected en face image featured the highest quality LC microstructure seen within the scan, and, therefore, subjectively represented the best signal captured in that scan.
A regression line was fitted for each eye to determine the relationship between the LC signal intensity of every superpixel and the prelaminar tissue thickness measured at that superpixel using MATLAB (Mathworks, Natick, MA, USA). 21 
Statistical Analysis
We considered three measures of prelaminar tissue thickness: the average thickness over the entire ONH, the average thickness in regions of scans with analyzable LC microstructure, and the average thickness in regions where the LC was not considered analyzable. The three measures of prelaminar tissue thickness were related to the subjective quality grading and diagnosis using a linear mixed effects model, accounting for the inclusion of both eyes from some subjects. The statistical analysis was performed with R Language and Environment for Statistical Computing software (version 3.2.2).
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RESULTS
The subject population consisted of 91 eyes (17 healthy, 27 glaucoma suspect, and 47 glaucoma) from 72 subjects. Subjects with glaucoma were significantly older than healthy subjects, and glaucoma subjects had significantly lower visual field mean deviation (MD) and significantly thinner RNFL measurements than healthy or glaucoma suspects (Table) .
The distribution of the LC microstructure visualization quality grading is shown in Figure 3 . Most scans were graded at 3 or 4. The average percentage of analyzable LC was 22.7% 6 5.6% for healthy eyes, 21.5% 6 8.7% for glaucoma suspect eyes, and 27.5% 6 7.5% for glaucoma eyes. There was a statistically significantly larger region of LC that could be analyzed in the scans of glaucomatous eyes than in the scans of healthy or glaucoma suspect eyes (P ¼ 0.033 and P ¼ 0.002, respectively). The average prelaminar tissue thickness was 214 6 96 lm in regions of scans with analyzable LC and 569 6 108 lm in regions of scans that did not feature analyzable LC (P < 0.001). When the prelaminar tissue thickness in regions of scans that featured analyzable LC was related to the subjective quality grading of the LC, scans with thicker prelaminar tissue had statistically significantly worse LC microstructure visualization scores (P ¼ 0.007; Fig. 4 ). When the signal intensity of each superpixel of the analyzed en face scan was plotted against the prelaminar tissue thickness measured at that superpixel, high intensity superpixels corresponded with regions of thin prelaminar tissue, and low intensity superpixels corresponded with regions of thick prelaminar tissue. A representative plot that shows the data points from one eye is shown in Figure 5A , with Figure 5B showing the best-fit lines from the plots of all 91 eyes (all slopes significant, P < 0.05).
The average total prelaminar tissue thickness was significantly thinner in glaucoma eyes than in healthy or glaucoma suspect eyes (both P < 0.001; Fig. 6A ). Limiting the analysis to regions of scans in which the LC could be analyzed, there was a substantial reduction in the prelaminar thickness for all clinical diagnostic groups (Fig. 6B) . Within this limited analysis examining only regions with analyzable LC, there was a significant difference among all three diagnostic categories, with glaucoma eyes having thinner prelaminar tissue than glaucoma suspect and healthy eyes (P ¼ 0.008 and P < 0.001, respectively), and glaucoma suspect eyes having thinner prelaminar tissue than healthy eyes (P < 0.001). The scale adjusted imprecision of the observer was 2.49 (confidence interval [CI], 1.77-3.70), reflecting excellent measurement reproducibility.
The average percentage of visible ALC was 40.6% 6 18% for healthy eyes, 57.4% 6 18% for glaucoma suspect eyes, and 62.9% 6 17% for glaucoma eyes. A statistically significantly larger region of ALC was observed in glaucomatous eyes than in healthy eyes ( Fig. 7 ; P ¼ 0.005). Of these percentages, 38.6% 6 17% of healthy scans, 56.0% 6 16% of glaucoma suspect scans, and 60.9% 6 17% of glaucoma scans corresponded to regions where the LC microstructure was visible using the en face view. Age was not significant in predicting prelaminar tissue thickness or ALC visibility in our linear mixed effects model.
DISCUSSION
Optical coherence tomography imaging is used commonly for in vivo examination of the LC and to determine its involvement in the glaucomatous process. In this study, we demonstrated that despite the use of SS-OCT with its improved speed and tissue penetration, thick prelaminar tissue was associated with poor LC visualization, and good quality LC visualization was limited to regions with thinner prelaminar tissue. This limitation of current OCT technology should be considered when quantifying LC structures in the population.
We examined a cohort representative of the subjects used in glaucoma studies, composed of healthy, glaucoma suspect, and glaucoma subjects with a wide range of disease severity. Subjective examination of the LC image quality showed the expected bell-shaped distribution of quality scores, with the majority of the images labeled as moderate to good quality (Fig.  3) .
The prelaminar thicknesses we recorded were similar to those reported previously. [23] [24] [25] Prelaminar thickness was significantly related to LC image quality as determined subjectively by LC visualization grading (Fig. 4) and objectively by the signal intensity in each en face superpixel (Fig. 5) . It is likely that thicker prelaminar tissue causes more light scattering and absorption, resulting in blurred visualization of the microstructures of the LC.
Prelaminar tissue was significantly thinner in regions where the LC was analyzable compared to regions where it was not considered analyzable. Overall, the range of average total ONH prelaminar tissue thickness measurements was 250 to 750 lm (Fig. 6A) . Little or no LC microstructure visualization was possible in regions of scans where the prelaminar tissue was measured at more than approximately 400 lm (Fig. 6B) . Furthermore, we and previous studies reported thicker prelaminar tissue in healthy and glaucoma suspect eyes than glaucomatous eyes. 23, 24 There was significantly more visible LC microstructure and ALC in glaucoma eyes than in healthy eyes (Fig. 7) . The regions in which the ALC boundary was visible in the B-scan view largely corresponded to regions in which the LC microstructure was visible and analyzable on the en face view. Therefore, thick prelaminar tissue has an important influence on the visualization of the LC in the en face and Bscan views.
As the average prelaminar thickness over the total ONH area was approximately 600 lm in healthy eyes and 400 lm in glaucomatous eyes (Fig. 6A) , therefore it is possible that previous studies favored scans with good quality LC microstructure visualization, originating from eyes with advanced disease, while eyes with more normal anatomy and thick prelaminar tissue were excluded due to poor LC visualization. This might skew some of the quantitative information reported about the LC. It should be noted that SS-OCT was used in this study, which has better tissue penetration than conventional SD-OCTs. 10 Therefore, our findings are expected to be further emphasized when SD-OCT is used for LC imaging.
By comparing the prelaminar thickness in regions of visible LC to the thickness in regions in which the LC was not visible in a given eye, we were able to isolate the effect of prelaminar tissue thickness, as potential confounders such as age, diagnosis, and media opacities would have the same effect on a given eye. Our finding that poor LC visibility is related to thick prelaminar tissue highlights a current limitation of OCT technology. Due to the safety limits of projected light, light scattering, and absorption, high quality images of the LC from eyes with thick prelaminar tissue are difficult to acquire at this time.
Much of the analysis presented in this study was done with manual delineation and subjective assessment. This is considered a limitation of this study, but at this time no other method has been developed to measure automatically the structures analyzed here. Efforts were made to limit bias and human error as much as possible. All measurements were made by an experienced observer who regularly analyzed OCT scans of the LC, and the observer was masked to all clinical information during scan assessment. The reproducibility of the observer was excellent. The analysis of the superpixel components of the scans correlated with regions where the LC was deemed to be analyzable or not analyzable, strengthening the validity of this manual designation. The ALC boundary was marked carefully in regions where the boundary was visible on the Bscan view, which largely corresponded to regions where the LC microstructure also was visible. Regions where the ALC was not considered visible that were included in the total prelaminar tissue thickness measurements were regions, such as seen in Figure 1C , colored in pink. For the purposes of this FIGURE 6. The average prelaminar tissue thickness of each diagnostic group for (A) the entire ONH region and (B) the regions that featured analyzable en face LC. A significant difference in total average prelaminar thickness (A) was seen between glaucaoma (GL) and healthy (H) eyes and glaucoma and glaucoma suspect (GS) eyes (both P < 0.001). The average prelaminar tissue thickness in regions where the LC was analyzable was significantly thinner in glaucoma eyes than glaucoma suspect and healthy eyes (P ¼ 0.008 and P < 0.001, respectively), and glaucoma suspect eyes had significantly thinner prelaminar tissue than healthy eyes (P < 0.001). study, we were interested in determining the amount of ALC boundary or LC microstructure that was visible in relation to the prelaminar tissue thickness of each eye. In the future, investigation into whether shadowed regions with thick prelaminar tissue also include blood vessel shadowing is warranted, as well as a calculation of what percentage of obscured ALC boundary is due to blood vessel shadowing.
Our study was designed to concentrate on the effect of prelaminar tissue on LC visibility. Because most literature focuses on the visible LC within the BMO, our analysis also was limited to the region within the BMO. Therefore, caution should be exercised when relating our results to the entire prelaminar tissue area since the lateral aspect, outside the BMO, was not analyzed. Furthermore, the region outside the BMO also is prone to high signal variability, which makes peripheral marking of the ALC unreliable or impossible in some scans; thus, reducing the reliability of the analysis.
Lamina cribrosa visibility is predominantly problematic in studies that quantify its structure across their cohort because LC visualization differs for each eye inherently based on the amount of prelaminar tissue that the eye has. Furthermore, depending on the location of regions of thick prelaminar tissue, different regions of the LC are analyzed in different eyes. Because LC microstructure varies spatially, 26, 27 differences in the regions of analyzable LC between eyes can impact the outcome of analyses. Therefore, it may be better to use LC analysis for the assessment of longitudinal progression changes in the same eye rather than for cross-sectional LC analysis between eyes. In this situation, better LC visualization could be used independently as an indication of tissue loss with disease.
In conclusion, thicker prelaminar tissue was associated with significantly lower LC visibility. As significant differences in prelaminar tissue thickness exist between diagnostic categories, there could be an inherent bias in any LC analysis for selecting subjects with thinner prelaminar tissue. It is important to take these considerations into account in future studies of the LC, as well as to develop methods to mitigate this potential selection bias in cross-sectional studies of the LC.
